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second electrode may include a material selected from the
group consisting of a molybdenum nitride (Mo,N,) mate-
rial, a molybdenum oxynitride (MoO,N,)) material, a molyb-
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1
SEMICONDUCTOR STRUCTURES
INCLUDING MOLYBDENUM NITRIDE,
MOLYBDENUM OXYNITRIDE OR
MOLYBDENUM-BASED ALLOY MATERIAL,
AND METHOD OF MAKING SUCH
STRUCTURES

FIELD

The present disclosure, in various embodiments, relates
generally to semiconductor structures including a molybde-
num nitride material, a molybdenum oxynitride material or
a molybdenum-based alloy material, to methods making
such structures, and to devices including such structures.
More particularly, the present disclosure relates to semicon-
ductor structures that include an electrode comprising a
molybdenum nitride material, a molybdenum oxynitride
material or a molybdenum-based alloy material, to methods
making such electrodes, and to devices including such
electrodes.

BACKGROUND

Memory devices, such as Dynamic Random Access
Memory (DRAM), utilize capacitors to store information
within an integrated circuit. A capacitor is formed by placing
a dielectric material between two electrodes formed from
conductive materials. A continuing goal for memory devices
is to decrease the dimensions of the devices while main-
taining or increasing the storage capacity of the devices.

Capacitance (C) is an ability of a capacitor to hold
electrical charge. Capacitance (C) is a function of the surface
area of the capacitor (A), the distance between the capacitors
(d) (i.e., the physical thickness of the dielectric material),
and the relative dielectric constant (i.e., k value) of the
dielectric material, as shown in the equation below where &,
represents the vacuum permittivity:

C=k 4
= 80 d

In order to enhance a capacitance value without increas-
ing the dimensions (e.g., area A) of an electrode, it is
necessary to decrease the thickness (d) of the dielectric
material or to use a dielectric material having a high dielec-
tric constant (k). Reducing the thickness (d) of the dielectric
material may result in current leakage, which exponentially
increases as the thickness of the dielectric material
decreases. It is, therefore, desirable to use a dielectric
material with a high k value to achieve high capacitance.

For a given desired capacitance, if the k value of the
dielectric material is increased, the dimensions of the capaci-
tor may be decreased while maintaining the same cell
capacitance. High-K dielectric materials are dielectric mate-
rials having a high dielectric constant (k) of about 20, as
compared to silicon dioxide (Si0O,), which has a dielectric
constant of about 4. Therefore, a capacitor with the same or
increased capacitance can be obtained by using a high-K
dielectric material, instead of SiO,, as the dielectric material
between the two electrodes of the capacitor. Examples of
high-K dielectric materials are zirconium dioxide (ZrO,),
hafnium dioxide (HfO,), SrTiO;, hatnium silicate or zirco-
nium silicate, among others.

However, high-K dielectric materials also have smaller
band gaps and smaller conduction band offsets with respect
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to the metal electrode, compared to SiO,. Consequentially,
the capacitors having high-K dielectric materials typically
suffer from current leakage more than the capacitors having
Si0, as a dielectric material.

Accordingly, there is a need for an electrode and a
semiconductor structure including such electrode that have
high capacitance and work function, but low current leak-
age.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1-8 each illustrate, in schematic view, a non-
limiting example of a semiconductor structure in accordance
with an embodiment of the present disclosure.

DETAILED DESCRIPTION

The following description provides specific details, such
as material types, material thicknesses, and processing con-
ditions in order to provide a thorough description of embodi-
ments of the disclosure. However, a person of ordinary skill
in the art will understand that embodiments of the present
disclosure may be practiced without employing these spe-
cific details. Indeed, the embodiments of the present disclo-
sure may be practiced in conjunction with conventional
fabrication techniques employed in the industry.

In addition, the description provided herein does not form
a complete process flow for forming a semiconductor device
structure, and the semiconductor device structures described
below do not form a complete semiconductor device. Only
those process acts and structures necessary to understand the
embodiments of the present disclosure are described in
detail below. Additional acts to form the complete semicon-
ductor device may be performed by conventional fabrication
techniques. Also, the drawings accompanying the applica-
tion are for illustrative purposes only, and are thus not
necessarily drawn to scale. Elements common between
figures may retain the same numerical designation. Further-
more, while the materials described and illustrated herein
may be formed as layers, the materials are not limited
thereto and may be formed in other three-dimensional
configurations.

As used herein, any relational terms, such as “top,”
“bottom,” “upper” and “lower,” are used for clarity and
convenience in understanding the present disclosure and
accompanying drawings and does not connote or depend on
any specific preference, orientation or order. It is understood
that, although the terms “top,” “bottom,” “upper” and
“lower” are used herein to describe various elements, these
elements should not be limited by these terms. These terms
are only used to distinguish one element from another.

As used herein, the term “substantially,” in reference to a
given parameter, property or condition, means to a degree
that one of ordinary skill in the art would understand that the
given parameter, property, or condition is met with a small
degree of variance, such as within acceptable manufacturing
tolerances.

As used herein, the term “substrate” means and includes
a base material or construction upon which additional mate-
rials are formed. The substrate may be, for example, a
semiconductor substrate, a base semiconductor material on
a supporting structure, a metal electrode or a semiconductor
substrate having one or more materials, structures or regions
formed thereon. The substrate may be a conventional silicon
substrate, or other bulk substrate comprising a layer of
semiconductive material. As used herein, the term ‘“bulk
substrate” means and includes not only silicon wafers, but
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also silicon-on-insulator (SOI) substrates, such as silicon-
on-sapphire (SOS) substrates and silicon-on-glass (SOG)
substrates, epitaxial layers of silicon on a base semiconduc-
tor foundation, or other semiconductor or optoelectronic
materials, such as silicon-germanium (Si, ,Ge,, where X is,
for example, a mole fraction between 0.2 and 0.8), germa-
nium (Ge), gallium arsenide (GaAs), gallium nitride (GaN),
or indium phosphide (InP), among others. Furthermore,
when reference is made to a “substrate” in the following
description, previous process acts may have been conducted
to form materials, regions, or junctions in the base semi-
conductor structure or foundation. In one embodiment, the
substrate is a silicon-containing material, such as a silicon
substrate.

As used herein, the term “high-K dielectric material”
means and includes a dielectric material having a dielectric
constant value of at least about 20. The high-K dielectric
material may be a non-conducting metal oxide, a non-
conducting metal nitride, a non-conducting metal silicate or
combinations thereof. Non-limiting examples of high-K
dielectric materials may include ZrO,, HfO,, SrTiO;, TiO,,
BaSrTiO,, HfSiO,, Nb,Os, PbZrTiO,, SiON, Ta,Os, or
combinations thereof. When desired, the high-K dielectric
materials may include a dopant. Non-limiting examples of
the dopant may include Al, Ce, Co, Er, Ga, Gd, Ge, Hf, In,
La, Lu, Mg, Mn, Nd, Pr, Sc, Si, Sn, Sr, Y, Zr, or combina-
tions thereof.

The semiconductor structure may include an electrode
comprising a material selected from the group consisting of
a molybdenum oxynitride (MoO,N,) material, a molybde-
num nitride (Mo,N,) material, and a molybdenum (Mo)-
based alloy material. The values of x and y each may be
from about 0.01 to about 2, and the values of a and b each
may be from about 0.5 to about 2. The MoO,N, material,
Mo N, material, or molybdenum (Mo)-based alloy material
may be stoichiometric or non-stoichiometric materials.

As used herein, the term “molybdenum-based alloy mate-
rial” means and includes an alloy material comprising
molybdenum and nitrogen elements. Non-limiting examples
of a Mo-based alloy material may include MoAIN,
MoAION, MoTiN, MoAITiN, MoNbN, MoZrN, MoSiN,
MoTaN, MoH1{N, or combinations thereof.

FIG. 1 shows one embodiment of a semiconductor struc-
ture 100. The semiconductor structure 100 may include a
substrate 101, a bottom electrode 102 over the substrate 101,
a top electrode 104, and a high-K dielectric material 103
between the bottom electrode 102 and the top electrode 104.
The top electrode 104 may include MoO,N, material,
Mo N, material, or Mo-based alloy material. The bottom
electrode 102 may include any conventional electrode mate-
rial. By way of non-limiting examples, the electrode mate-
rial may include metals such as ruthenium (Ru); conductive
metal oxides such as ruthenium dioxide (RuQ,), iridium
oxide (IrO,), molybdenum oxide (MoO,), tungsten oxide,
chromium oxide, manganese oxide, tin oxide, and cobalt
oxide; conductive metal silicides; conductive metal nitrides
such as titanium nitride (TiN) and tantalum nitride (TaN); or
combinations thereof. Any conventional high-K dielectric
material may be used for the high-K dielectric material 103.

The bottom electrode 102 may be formed over the sub-
strate 101, and then the high-K dielectric material 103 may
be formed over the bottom electrode 102. Optionally, the
bottom electrode 102 may be subjected to an annealing
process prior to the formation of the high-K dielectric
material 103. The top electrode 104 may then be formed
over the high-K dielectric material 103 to provide the
semiconductor structure 100. Those skilled in the art appre-
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ciate that each of the bottom electrode 102, the high-K
dielectric material 103, and the top electrode 104 may be
formed using conventional techniques and, therefore, is not
described in detail herein. Non-limiting examples of the
conventional techniques may include atomic layer deposi-
tion (ALD), plasma enhanced atomic layer deposition (PE-
ALD), atomic vapor deposition (AVD), ultraviolet assisted
atomic layer deposition (UV-ALD), chemical vapor depo-
sition (CVD), plasma enhanced chemical vapor deposition
(PECVD), or physical vapor deposition (PVD).

FIG. 2 shows another embodiment of a semiconductor
structure 200. The semiconductor structure 200 may include
a substrate 201, a bottom electrode 202 over the substrate
201, a top electrode 204, and a high-K dielectric material
203 between the bottom electrode 202 and the top electrode
204. The bottom electrode 202 may be formed over the
substrate 201. The bottom electrode 202 may include
MoO,N , material, Mo, N, material, MoO, material such as
molybdenum dioxide (MoQO,), or Mo-based alloy material.
Then, the high-K dielectric material 203 may be formed over
the bottom electrode 202. The high-K dielectric material 203
may be any conventional high-K dielectric material. Option-
ally, the bottom electrode 202 may be subjected to an
annealing process prior to the formation of the high-K
dielectric material 203. The top electrode 204 may be
formed over the high-K dielectric material 203 to provide
the semiconductor structure 200. The top electrode 204 may
be any conventional electrode material. Those skilled in the
art appreciate that each of the bottom electrode 202, the
high-K dielectric material 203, and the top electrode 204
may be formed using conventional techniques and, there-
fore, is not described in detail herein.

FIG. 3 shows yet another embodiment of a semiconductor
structure 300. The semiconductor structure 300 may include
a substrate 301, a bottom electrode 302 over the substrate
301, a top electrode 304, and a high-K dielectric material
303 between the bottom electrode 302 and the top electrode
304. The bottom electrode 302 may be formed over the
substrate 301. The bottom electrode 302 may include
MoO,N, material, Mo N, material, MoO, material, or Mo-
based alloy material. Then, the high-K dielectric material
303 may be formed over the bottom electrode 302. The
high-K dielectric material 303 may be any conventional
high-K dielectric material. Optionally, the bottom electrode
302 may be subjected to an annealing process prior to the
formation of the high-K dielectric material 303. The top
electrode 304 may be formed over the high-K dielectric
material 303 to provide the semiconductor structure 300.
The top electrode 304 may include MoO,N, material,
Mo,N, material, MoO_ material, or Mo-based alloy mate-
rial. The bottom electrode 302 may be formed of the same
material as the top electrode 304, thus the semiconductor
structure 300 may have a symmetric stack structure. Alter-
natively, the bottom electrode 302 may be formed of a
different material than the top electrode 304 and therefore,
the semiconductor structure 300 may be an asymmetric
stack structure. Those skilled in the art appreciate that each
of the bottom electrode 302, the high-K dielectric material
303, and the top electrode 304 may be formed using con-
ventional techniques and, therefore, is not described in detail
herein.

Accordingly, disclosed is a semiconductor structure com-
prising a first electrode over a substrate, a high-K dielectric
material over the first electrode, and a second electrode over
the high-K dielectric material. At least one of the first
electrode and the second electrode comprises a material
selected from the group consisting of a molybdenum nitride
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(Mo,N,) material, a molybdenum oxynitride (MoO,N,)
material, and a molybdenum-based alloy material compris-
ing molybdenum and nitrogen.

FIG. 4 shows an additional embodiment of a semicon-
ductor structure 400. The semiconductor structure 400 may
include a substrate 401, a bottom electrode 402 over the
substrate 401, a top electrode 404, and a high-K dielectric
material 403 between the bottom electrode 402 and the top
electrode 404, wherein the top electrode 404 includes a
lower portion 404a in direct contact with the high-K dielec-
tric material 403, and an upper portion 4045 over the lower
portion 404a. The top electrode 404 may thus be a bilayer
material. The bottom electrode 402 may be formed over the
substrate 401. The bottom electrode 402 may be any con-
ventional electrode material. The high-K dielectric material
403 may be formed over the bottom electrode 402. The
high-K dielectric material 403 may be any conventional
high-K dielectric material. Optionally, the bottom electrode
402 may be subjected to an annealing process prior to the
formation of the high-K dielectric material 403. Then, the
lower portion 404a of the top electrode 404 may formed
over and in direct contact with the high-K dielectric material
403. The lower portion 404a of the top electrode 404 may
include MoO,N,, material, Mo,N,, material, or Mo-based
alloy material. Next, the upper portion 4045 of the top
electrode 404 may formed over the lower portion 4044 to
provide the semiconductor structure 400. The upper portion
4045 of the top electrode 404 may be a conventional
electrode material. Each of the bottom electrode 402, the
high-K dielectric material 403, and the lower portion 404a
and the upper portion 4045 of the top electrode 404 may be
formed using conventional techniques and, therefore, is not
described in detail herein.

FIG. 5 shows yet still another embodiment of a semicon-
ductor structure 500. The semiconductor structure 500 may
include a substrate 501, a bottom electrode 502 over the
substrate 501, a top electrode 504, and a high-K dielectric
material 503 between the bottom electrode 502 and the top
electrode 504, wherein the top electrode 504 includes a
lower portion 504a in direct contact with the high-K dielec-
tric material 503, and an upper portion 5045 over the lower
portion 504a. The bottom electrode 502 may be formed over
the substrate 501. The bottom electrode 502 may include a
material selected from the group consisting of MoO,N,
material, Mo,N, material, MoO, material, and Mo-based
alloy material. The high-K dielectric material 503 may be
formed over the bottom electrode 502. The high-K dielectric
material 503 may be a conventional high-K dielectric mate-
rial. Optionally, the bottom electrode 502 may be subjected
to an annealing process prior to the formation of the high-K
dielectric material 503. Then, the lower portion 504a of the
top electrode 504 may formed over and in direct contact with
the high-K dielectric material 503. The lower portion 504a
of the top electrode 504 may include MoO,N, material,
Mo,N, material, MoO_ material, or Mo-based alloy mate-
rial. Next, the upper portion 5045 of the top electrode 504
may be formed over the lower portion 5044 to provide the
semiconductor structure 500. The upper portion 5045 of the
top electrode 504 may be a conventional electrode material.
Each of the bottom electrode 502, the high-K dielectric
material 503, and the lower portion 504a¢ and the upper
portion 5045 of the top electrode 504 may be formed using
conventional techniques and, therefore, is not described in
detail herein.

Accordingly, disclosed is a semiconductor structure com-
prising a first electrode over a substrate, a high-K dielectric
material over the first electrode, and a second electrode over
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6

the high-K dielectric material. The second electrode com-
prises a lower portion in direct contact with the high-K
dielectric material and an upper portion over the lower
portion. The lower portion of the second electrode comprises
a material selected from the group consisting of a molyb-
denum nitride material, a molybdenum oxynitride material,
and a molybdenum-based alloy material comprised of
molybdenum and nitrogen elements.

FIG. 6 shows yet another embodiment of a semiconductor
structure 600. The semiconductor structure 600 may include
a substrate 601, a bottom electrode 602 over the substrate
601, a top electrode 604, and a high-K dielectric material
603 between the bottom electrode 602 and the top electrode
604, wherein the bottom electrode 602 includes a lower
portion 6025 and an upper portion 602a over the lower
portion 6024 and in direct contact with the high-K dielectric
material 603. The lower portion 6025 of the bottom elec-
trode 602 may be formed over the substrate 601. The lower
portion 60256 of the bottom electrode 602 may be any
conventional electrode material. Then, the upper portion
602a of the bottom electrode 602 may be formed over the
lower portion 6025. The upper portion 602a of the bottom
electrode 602 may include a material selected from the
group consisting of MoO,N, material, Mo,N, material,
MoO, material, and Mo-based alloy material. Then, the
high-K dielectric material 603 may be formed over and in
direct contact with the upper portion 602a of the bottom
electrode 602. The high-K dielectric material 603 may be
any conventional high-K dielectric material. Next, the top
electrode 604 may formed over the high-K dielectric mate-
rial 603 to provide the semiconductor structure 600. The top
electrode 604 may be any conventional electrode material.
Each of the bottom electrode 602 (the lower portion 6025
and the upper portion 602a), the high-K dielectric material
603, and the top electrode 604 may be formed using con-
ventional techniques and, therefore, is not described in detail
herein.

FIG. 7 shows an additional embodiment of a semicon-
ductor structure 700. The semiconductor structure 700 may
include a substrate 701, a bottom electrode 702 over the
substrate 701, a top electrode 704, and a high-K dielectric
material 703 between the bottom electrode 702 and the top
electrode 704, wherein the bottom electrode 702 includes a
lower portion 7025 and an upper portion 702a over the lower
portion 7025 and in direct contact with the high-K dielectric
material 703. The lower portion 7025 of the bottom elec-
trode 702 may be formed over the substrate 701. The lower
portion 70256 of the bottom electrode 702 may be any
conventional electrode material. Then, the upper portion
702a of the bottom electrode 702 may be formed over the
lower portion 7025. The upper portion 702a of the bottom
electrode 702 may include a material selected from the
group consisting of MoO,N, material, Mo,N, material,
MoO, material, and Mo-based alloy material. The high-K
dielectric material 703 may be formed over and in direct
contact with the upper portion 702a of the bottom electrode
702. The high-K dielectric material 703 may be any con-
ventional high-K dielectric material. Next, the top electrode
704 may be formed over the high-K dielectric material 703
to provide the semiconductor structure 700. The top elec-
trode 704 may include a material selected from the group
consisting of MoO,N,, material, Mo,N, material, MoO,
material, and Mo-based alloy material. Each of the bottom
electrode 702 (the lower portion 7025 and the upper portion
702a), the high-K dielectric material 703, and the top
electrode 704 may be formed using any techniques and,
therefore, is not described in detail herein.
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Accordingly, disclosed is a semiconductor structure com-
prising a first electrode over a substrate, a high-K dielectric
material over the first electrode, and a second electrode over
the high-K dielectric material. The first electrode comprises
an upper portion in direct contact with the high-K dielectric
material and a lower portion. The upper portion of the first
electrode comprises a material selected from the group
consisting of a molybdenum nitride material, a molybdenum
oxynitride material, a molybdenum oxide material, and a
molybdenum-based alloy material comprised of molybde-
num and nitrogen elements.

In some embodiments, the semiconductor structure may
have a structure as shown in FIG. 8. A semiconductor
structure 800 includes a bottom electrode 802 over a sub-
strate 801, a top electrode 804, and a high-K dielectric
material 803 between the bottom electrode 802 and top
electrode 804. The top electrode 804 includes a lower
portion 804a in direct contact with the high-K dielectric
material 803, and an upper portion 8045 over the lower
portion 804a. The lower portion 804a of the top electrode
804 may include MoO,N,, material, Mo,N, material, MoO,,
material or Mo-based alloy material. The upper portion 8045
of the top electrode 804 may be any conventional electrode
material. The bottom electrode 802 includes a lower portion
8025 and an upper portion 802a over the lower portion 8025
and in direct contact with the high-K dielectric material 803,
wherein the upper portion 8024 of the bottom electrode 802
may include MoO,N, material, Mo,N, material, MoO,
material or Mo-based alloy material. The lower portion 8026
of the bottom electrode 802 may be any conventional
electrode material. The high-K dielectric material 803 may
be any conventional high-K dielectric material. The semi-
conductor structure 800 may have an asymmetric stack
structure, wherein the top electrode and the bottom electrode
are formed from different materials. Alternatively, the semi-
conductor structure 800 may have a symmetric stack struc-
ture, wherein the top electrode and the bottom electrode are
formed from the same material.

Accordingly, disclosed is a semiconductor structure com-
prising a first electrode over a substrate, a high-K dielectric
material over the first electrode, and a second electrode over
the high-K dielectric material. The first electrode comprises
an upper portion in direct contact with the high-K dielectric
material and a lower portion. The upper portion of the first
electrode comprises a material selected from the group
consisting of a molybdenum nitride (Mo,N,) material, a
molybdenum oxynitride (MoO,N, ) material, a molybdenum
oxide (MoO,) material, and a molybdenum-based alloy
material comprised of molybdenum and nitrogen elements.
The second electrode comprises a lower portion in direct
contact with the high-K dielectric material and an upper
portion over the lower portion. The lower portion of the
second electrode comprises a material selected from the
group consisting of a molybdenum nitride (Mo,N,) mate-
rial, a molybdenum oxynitride (MoO,N,) material, a molyb-
denum oxide (MoO,) material, and a molybdenum-based
alloy material comprised of molybdenum and nitrogen ele-
ments.

In the embodiments as shown in FIGS. 4-8, the MoO,N,
material, Mo, N, material, MoO, material, or Mo-based
alloy material may function as an interface material between
the electrode material and the high-K dielectric material.
The interface material may have a thickness of at least about
3 A. In some embodiments, the thickness of the interface
material may be at least about 10 A. In some embodiments,
the thickness of the interface material may be at least about
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30 A. In some embodiments, the thickness of the interface
material may be from about 3 A to about 50 A.

Accordingly, disclosed is a semiconductor structure com-
prising a first electrode over a substrate, a high-K dielectric
material over the first electrode, and a second electrode over
the high-K dielectric material. At least one of the first
electrode and the second electrode comprises a first portion
in direct contact with the high-K dielectric material and a
second portion. The first portion comprises a material
selected from the group consisting of a molybdenum nitride
(Mo,N,) material, a molybdenum oxynitride (MoO,N,)
material, a molybdenum oxide (MoO,) material, and a
molybdenum-based alloy material comprising molybdenum
and nitrogen.

Accordingly, disclosed is a method of forming a semi-
conductor structure comprising forming a first electrode
over a substrate, forming a high-K dielectric material over
the first electrode, and forming a second electrode over the
high-K dielectric material. At least one of the first electrode
and the second electrode comprises a material selected from
the group consisting of a molybdenum nitride (Mo,N,)
material, a molybdenum oxynitride (MoO,N, ) material, and
a molybdenum-based alloy material comprising molybde-
num and nitrogen.

When at least one electrode of the semiconductor struc-
ture includes MoO,N,, material, the semiconductor structure
may show unexpectedly improved capacitance, in addition
to reduced current leakage. Without being limited by theory,
it is believed that the MoO,N  material may act as an oxygen
reservoir for the high-K dielectric material. The oxygen in
the MoO,N,, material may be used to repair or reduce
oxygen vacancies in the high-K dielectric material, an
interfacial capacitive “dead-layer” phenomenon that causes
the reduction of capacitance in the semiconductor structure.
By way of non-limiting example, the semiconductor struc-
ture that includes an electrode comprising MoO,N,, material
and a high-K dielectric material comprising SrTiO; or ZrO,
may show about 15% increase in the capacitance, in addition
to reduced current leakage. As a result, the semiconductor
structure may show enhanced work function and capaci-
tance, yet reduced current leakage. This unexpected and
surprising reduction of the interfacial capacitive “dead-
layer” is highly desirable, especially when coupled with
reduced leakage.

In some embodiments, the semiconductor structures may
be further processed by conventional techniques to form
memory devices, such as Dynamic Random Access Memory
(DRAM) devices. Furthermore, the semiconductor struc-
tures may be used in metal-insulator-metal cell designs for
Dynamic Random Access Memory (DRAM MIM) applica-
tions. In the DRAM devices, use of the molybdenum nitride
(Mo,N,,) material, molybdenum oxynitride (MoO,N, ) mate-
rial, or molybdenum-based alloy material comprising
molybdenum and nitrogen as the material for the second
electrode may provide improved capacitance, lower current
leakage, or both. In the DRAM devices, use of the molyb-
denum nitride (Mo,N,) material, molybdenum oxynitride
(MoO,N,) material, or molybdenum-based alloy material
comprising molybdenum and nitrogen as the material for the
lower portion of the second electrode may provide improved
capacitance, lower current leakage, or both.

In some embodiments, the semiconductor structures may
be further processed by conventional techniques to form
NAND devices. The molybdenum nitride (Mo ,N,) material,
molybdenum oxynitride (MoO,N,) material, or molybde-
num-based alloy material comprising molybdenum and
nitrogen may be used in the NAND control gate, such as the
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material for the second electrode or the material for the
upper portion of the second electrode. The NAND devices
may have an improved high-voltage leakage performance,
improving erase saturation of the NAND devices. Further-
more, the semiconductor structure may have an improved
equivalent oxide thickness (EOT), resulting in an enhance-
ment in both write VgVt and erase VwVt slope of the NAND
devices via capacitive coupling. Therefore, the NAND
devices having the semiconductor structure may exhibit
improved retention (such as improved charge loss to the
control gate) due to an improved EOT and an improved
effective work function.

While the present disclosure is susceptible to various
modifications and alternative forms, specific embodiments
have been shown by way of example in the drawings and
have been described in detail herein. However, the present
disclosure is not intended to be limited to the particular
forms disclosed. Rather, the present disclosure is to cover all
modifications, equivalents, and alternatives falling within
the scope of the present disclosure as defined by the fol-
lowing appended claims and their legal equivalents.

What is claimed is:

1. A semiconductor structure, comprising:

a first electrode over a substrate, the first electrode com-
prising a first portion over the substrate and a second
portion over the first portion, the first portion compris-
ing a different material than the second portion, the
material of the second portion selected from the group
consisting of a molybdenum nitride (Mo,N,) material,
a molybdenum oxynitride (MoO,N,) material, and a
molybdenum-based alloy material comprising molyb-
denum and nitrogen;

a high-K dielectric material in direct contact with the
second portion of the first electrode; and
a second electrode over the high-K dielectric material,

a material of the second electrode selected from the
group consisting of ruthenium dioxide, iridium
oxide, molybdenum oxide, tungsten oxide, chro-
mium oxide, manganese oxide, tin oxide, cobalt
oxide, titanium nitride, tantalum nitride, and combi-
nations thereof.

2. The semiconductor structure of claim 1, wherein the
molybdenum-based alloy material comprising molybdenum
and nitrogen comprises a material selected from the group
consisting of molybdenum aluminum nitride (MoAIN),
molybdenum aluminum oxynitride (MoAION), molybde-
num titanium nitride (MoTiN), molybdenum aluminum tita-
nium nitride (MoAITiN), molybdenum niobium nitride
(MoNbN), molybdenum zirconium nitride (MoZrN),
molybdenum silicon nitride (MoSiN), molybdenum tanta-
lum nitride (MoTaN), and molybdenum hafnium nitride
(MoHIN).

3. The semiconductor structure of claim 1, wherein the
high-K dielectric material comprises a material selected
from the group consisting of ZrO,, HfO,, SrTiO;, TiO,,
BaSrTiO,, HfSiO,, Nb,Os, PbZrTiO,, SiON, and Ta,Os.

4. The semiconductor structure of claim 1, wherein the
high-K dielectric material further comprises a dopant.

5. The semiconductor structure of claim 4, wherein the
dopant comprises an element selected from the group con-
sisting of Al, Ce, Co, Er, Ga, Gd, Ge, Hf, In, La, Lu, Mg, Mn,
Nd, Pr, Sc, Si, Sn, Sr, Y, and Zr.

6. The semiconductor structure of claim 1, wherein the
second portion of the first electrode comprises a different
material than the second electrode.
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7. The semiconductor structure of claim 1, wherein:
the first portion of the first electrode is in direct contact
with the high-K dielectric material, the material of the
first portion selected from the group consisting of a
molybdenum nitride (Mo _N,) material, a molybdenum
oxynitride (MoO,N,) material, and a molybdenum-
based alloy material comprising molybdenum and
nitrogen.
8. A semiconductor structure, comprising:
a first electrode over a substrate, a material of the first
electrode selected from the group consisting of ruthe-
nium dioxide, iridium oxide, molybdenum oxide, tung-
sten oxide, chromium oxide, manganese oxide, tin
oxide, cobalt oxide, titanium nitride, tantalum nitride,
and combinations thereof;,
a high-K dielectric material over the first electrode; and
a second electrode over the high-K dielectric material,
wherein the second electrode comprises a lower portion in
direct contact with the high-K dielectric material and an
upper portion over the lower portion, the upper portion
comprising a different material than the lower portion,
the material of the lower portion selected from the
group consisting of a molybdenum nitride (Mo,N,)
material, a molybdenum oxynitride (MoO,N,)) mate-
rial, and a molybdenum-based alloy material compris-
ing molybdenum and nitrogen.
9. The semiconductor structure of claim 8, wherein the
upper portion of the second electrode comprises a material
selected from the group consisting of ruthenium (Ru) metal,
ruthenium dioxide (RuO,), titanium nitride (TiN), and tan-
talum nitride (TaN).
10. The semiconductor structure of claim 8, wherein the
upper portion of the second electrode comprises a material
selected from the group consisting of a metal, metal alloy,
conductive metal oxide, conductive metal silicide, conduc-
tive metal carbide, conductive metal nitride, and combina-
tions thereof.
11. The semiconductor structure of claim 8, wherein the
high-K dielectric material comprises a material selected
from the group consisting of TiO,, ZrO,, HfO,, and SrTiO;.
12. A method of forming a semiconductor structure,
comprising:
forming a first electrode over a substrate by a process
comprising:
forming a first portion of the first electrode over the
substrate; and

forming a second portion of the first electrode over the
first portion of the first electrode, the second portion
comprising a different material than the first portion,
the material of the second portion selected from the
group consisting of a molybdenum nitride (Mo,N,)
material, a molybdenum oxynitride (MoO,N,) mate-
rial, and a molybdenum-based alloy material com-
prising molybdenum and nitrogen;

forming a high-K dielectric material in direct contact with
the second portion of the first electrode; and

forming a second electrode over the high-K dielectric
material, a material of the second electrode selected
from the group consisting of ruthenium dioxide,
iridium oxide, molybdenum oxide, tungsten oxide,
chromium oxide, manganese oxide, tin oxide, cobalt
oxide, titanium nitride, tantalum nitride, and combina-
tions thereof.

13. The method of claim 12, further comprising annealing

the first electrode prior to forming the high-K dielectric
material over the first electrode.
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14. A semiconductor structure, comprising:

a first electrode over a substrate, the first electrode com-
prising a first portion over the substrate and a second
portion over the first portion, a material of the first
portion selected from the group consisting of ruthenium 5
dioxide, iridium oxide, molybdenum oxide, tungsten
oxide, chromium oxide, manganese oxide, tin oxide,
cobalt oxide, titanium nitride, tantalum nitride, and
combinations thereof and a material of the second
portion selected from the group consisting of a molyb- 10
denum nitride (Mo N, ) material, a molybdenum oxyni-
tride (MoO,N,) material, and a molybdenum-based
alloy material comprising molybdenum and nitrogen;

a high-K dielectric material in direct contact with the
second portion of the first electrode; and 15

a second electrode over the high-K dielectric material, the
second electrode comprising a first portion over the
high-K dielectric material and a second portion over the
first portion, a material of the first portion selected from
the group consisting of a molybdenum nitride (Mo, N,) 20
material, a molybdenum oxynitride (MoO,N ) mate-
rial, and a molybdenum-based alloy material compris-
ing molybdenum and nitrogen and a material of the
second portion selected from the group consisting of
ruthenium dioxide, iridium oxide, molybdenum oxide, 25
tungsten oxide, chromium oxide, manganese oxide, tin
oxide, cobalt oxide, titanium nitride, tantalum nitride,
and combinations thereof.

15. The semiconductor structure of claim 14, wherein the

second portion of the first electrode comprises the same 30
material as the first portion of the second electrode.
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